The mammalian SPRED (Sprouty-related protein with an EVH1 domain) proteins include a family of three members, SPRED1-3. Currently, little is known about their biochemistry. The best described, SPRED1, has been shown to inhibit the Ras/ ERK pathway downstream of Ras. All three SPREDs have a cysteine-rich domain (CRD) that has high homology to the CRD of the Sprouty family of proteins, several of which are also Ras/ERK inhibitors. In the belief that binding partners would clarify SPRED function, we assayed for their associated proteins. Here, we describe the direct and endogenous interaction of SPRED1 and SPRED2 with the novel kinase, DYRK1A. DYRK1A has become the subject of recent research focus as it plays a central role in Caenorhabditis elegans oocyte maturation and egg activation, and there is strong evidence that it could be involved in Down syndrome in humans. Both SPRED1 and SPRED2 inhibit the ability of DYRK1A to phosphorylate its substrates, Tau and STAT3. This inhibition occurs via an interaction of the CRD of the SPREDs with the kinase domain of DYRK1A. DYRK1A substrates must bind to the kinase to enable phosphorylation, and SPRED proteins compete for the same binding site to modify this process. Our accumulated evidence indicates that the SPRED proteins are likely physiological modifiers of DYRK1A.
The discovery of the major components in the canonical receptor tyrosine kinase (RTK) 2 /Ras/ERK pathway was a defining sequence of events in the field of signal transduction. Later, other pathways were discovered, and a substantial degree of cross-talk between these pathways was characterized. Subsequent research also established an array of proteins that collaborated with the core proteins in the RTK/Ras/ERK pathway to up-regulate, down-regulate, or strategically position pathway components to various cellular locations (1, 2) . Aberrant activation of the RTK/Ras/ERK pathway is known to be involved in the progression of various human cancers (3) (4) (5) (6) .
One feedback down-regulator of the RTK/Ras/ERK pathway was discovered in a screen for genes involved in tracheal branching in Drosophila (7, 8) . The derived protein, named Sprouty (Spry) because of its effect on tracheal branching when absent, was the founding member of a family of mammalian Sprouty proteins, Sprouty1-4 (9, 10). All Sprouty proteins have a unique, highly conserved Cys-rich C-terminal region, which was later identified in another protein family known as SPRED (Sprouty-related proteins with EVH1 domain), consisting of three mammalian members, of which SPRED1 and -2 are the most commonly studied (7, 11) . In addition to its cysteine-rich domain (CRD), SPRED proteins contain an N-terminal Ena/ vasodilator-stimulated phosphoprotein homology-1 (EVH1) domain and a small c-Kit-binding domain (12, 13) . Although both SPRED1 and -2 share more than 60% sequence identity and are both membrane-associated proteins, their expression patterns are markedly different in various tissues and cell types (11, 13) . Furthermore, SPRED2 has been implicated in the regulation of secretion pathways, although there is no evidence that SPRED1 has a similar role (14) .
SPREDs, like Sprouty proteins, also down-regulate the RTK/ Ras/ERK pathway by a mechanism that involves Ras and Raf but is seemingly distinct from the postulated Sprouty down-regulatory mechanisms (11, (15) (16) (17) (18) (19) (20) . There is a probable misconception that both families inhibit the RTK/Ras/ERK pathway via the cysteine-rich domain they both possess. Rather, accumulated binding evidence centered on SPRED and Sprouty proteins indicates that the CRD domain is a common site for protein interaction, including the kinases Raf1 and Tesk1 (21, 22) . In a preliminary screen for other proteins associated with SPRED1, SPRED2, and Sprouty2, we detected DYRK1A. Aranda et al. (23) also described the association of DYRK1A with Sprouty2, and this interaction appears to mildly impact on the ability of Sprouty2 to inhibit the FGFR/Ras/ERK pathway.
The dual specificity tyrosine-regulated kinases (DYRKs) are subfamilies of protein kinases that phosphorylate target proteins on serine/threonine residues within the RPX(S/T)P motif (24) . Their kinase activity depends on the autophosphorylation of a Tyr-Xaa-Tyr (YXY) motif in the activation loop of the catalytic domain, and hence DYRK activity is independent of an upstream tyrosine kinase (25) (26) (27) (28) (29) . The DYRK family is classified into three subfamilies, DYRK1, YAK1, and DYRK2, based on phylogenetic analysis (30 -32) . The DYRK1 subfamily is animal-specific and represented by the mammalian DYRK1, minibrain (mnb) in Drosophila, and mbk-1 in Caenorhabditis elegans (28, (33) (34) (35) . There are at least seven mammalian DYRK family members as follows: DYRK1A, DYRK1B (also known as Mirk), DYRK1C, DYRK2, DYRK3, DYRK4 (31) , with DYRK1A being the most extensively characterized. It is located on chromosome 21 in the Down syndrome critical region, and various collated data indicate that the kinase may play a role in Down syndrome (33, 36, 37) . In addition to the conserved catalytic domain, DYRK1A also contains two nuclear localization signals (NLSs) as follows: a classical bipartite NLS at the N terminus and a complex NLS within the catalytic domain (38) . The kinase domain is followed by a PEST domain and then a series of histidine repeats that target DYRK1A to the splicing factor compartment (38) . Substrates of DYRK1A (some only characterized in vitro) include the following: STAT3, EF2B, Tau, Gli1, CREB, dynamin, glycogen synthase, members of the Forkhead family (FKHR), as well as several splicing factors, including cyclin L2 and SF3b/SAP155 (29, 39 -46) . The binding parameters involved in substrate interaction with DYRK family members have not been explored.
In this study, we investigate the binding of SPRED proteins to DYRK1A and the downstream effects of this interaction. Both SPRED proteins affect the ability of DYRK1A to phosphorylate its substrates. The kinase activity of DYRK1A was not inhibited by the interaction with the SPRED proteins. However, both SPRED1 and -2 appeared to bind to a common binding site on DYRK1A in competition with recognized substrate proteins. Knockdown experiments indicated that SPRED proteins could modify the interaction of DYRK1A with its substrates and concomitantly affect downstream signaling events.
EXPERIMENTAL PROCEDURES
Plasmids-Full-length DYRK1A and Tau amplified from mouse brain cDNA were cloned into pXJ40-HA and pXJ40-myc mammalian expression vectors, respectively. FGFR1, FLAG-tagged human Spry2, and mouse SPRED1 and -2 fulllength constructs have been described earlier (47, 48) . The DYRK1A kinase-dead K179R mutant was generated by sitedirected mutagenesis using the proofreading Pfu DNA polymerase (Promega, Madison, WI). The pXJ40-myc-hSTAT3 was kindly provided by Dr. X. Cao (Institute of Molecular and Cell Biology, Singapore).
Antibodies and Reagents-Mouse and rabbit anti-FLAG, agarose-conjugated anti-FLAG M2 beads, rabbit anti-HA and anti-SPRED2 used in knockdown experiments, and harmine were purchased from Sigma. Sheep anti-SPRED1 was from R & D Systems (Minneapolis, MN). Rabbit anti-SPRED2 was purchased from Abnova Corp. (Taipei, Taiwan). Mouse anti-␤-actin and rabbit anti-acetyl-p53 (Lys-382) were from Abcam (Cambridge, UK). Rat anti-HA was from Roche Applied Science. Mouse monoclonal antibodies against Myc and Tau, rabbit antibodies against FGFR1, Myc, and DYRK1A, and a goat antibody against DYRK1A were from Santa Cruz Biotechnology (Santa Cruz, CA). Affinity-purified rabbit polyclonal antibodies against SPRED1 and -2 were generated against Limulus polyphemus hemocyanin-conjugated peptide CMWKNDLER-DDTD-amide and CATDSSSNSSQKREPT-amide of SPRED1 and -2 proteins, respectively (BioGenes GmbH, Berlin, Germany). A mouse monoclonal antibody against STAT3 was from BD Transduction Laboratories, and a mouse antibody against phospho-STAT3 (Ser-727) was from Cell Signaling Technology (Beverly, MA). Rabbit anti-phospho-Tau (Thr-212) was purchased from Invitrogen. Mouse monoclonal anti-p53 (DO-1) was a kind gift from Prof. Sir David Lane (Agency of Science Technology and Research, Singapore).
Yeast Two-hybrid Screen-To identify the interacting partners of SPREDs and Spry2, yeast two-hybrid screens were performed using the MatchMaker III system from Clontech, according to the manufacturer's instructions. The full-length human Spry2 and mouse SPREDs were subcloned into the pGBK-T7 vector and used as baits on pretransformed mouse brain and mouse embryo libraries, respectively, cloned into pACT2 vector. Plasmids of positive clones were isolated as described previously (48) , and positive in-frame clones were further subcloned into pXJ40 vector for expression in mammalian cells.
Cell Lines and Transfection-All cell lines used were purchased from ATCC (Manassas, VA). HEK293 and PC-3 cells were maintained in RPMI 1640 medium, supplemented with 10% fetal bovine serum and 2 mM L-glutamine. All transfections were carried out using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions.
Immunoprecipitation and Immunoblotting-Immunoprecipitation and immunoblotting were carried out essentially as described previously (49) . Cells were harvested 24 h post-transfection in HEPES lysis buffer (20 mM HEPES (pH 7.4) 137 mM NaCl, 1 mM EGTA, 1.5 mM MgCl 2 , 10% (v/v) glycerol, 1% Triton X-100, a mixture of protease inhibitors (Complete protease inhibitor, Roche Applied Science), and 1 mM Na 3 VO 4 ). Cell lysates were then used for immunoprecipitation and subsequent immunoblotting. Quantification of immunoblots was performed with GS-800-calibrated densitometer (Bio-Rad). All Western blot data shown are representatives of at least three separate individual experiments, unless otherwise stated. For endogenous interaction, PC-3 cells were harvested using HEPES lysis buffer, and the cell lysates were subjected to immunoprecipitation using either rabbit DYRK1A or rabbit SPRED1 and -2 antibodies. The resulting immunoprecipitates were separated by SDS-PAGE and blotted with sheep anti-SPRED1 and rabbit anti-SPRED2 or goat anti-DYRK1A to detect the proteins.
Cell Viability Assay-HEK293 cells, transfected with the indicated plasmids, were treated with 5 M etoposide (Sigma) for 24 h. Cell viability was subsequently measured using the Cell Proliferation Reagent WST-1 system (Roche Applied Science) according to the manufacturer's protocol.
Small Interfering RNA Knockdown-A pool of small interfering RNAs (siRNA) against human SPRED1, SPRED2, and control siRNA (ON-TARGETplus Nontargeting Pool) were purchased from Dharmacon RNAi Technologies (ONTARGETplus SMARTpool L-016638-00-0005, SMARTpool L-018590-00-0005, and D-001810-10-05, respectively). The siRNA constructs were transfected into 293 cells at about 40% confluency using the Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. Cells were transfected with various cDNA plasmids 48 h post-transfection of the siRNA as stated in the figure legend of the specific experiment. The cells were harvested 24 h after the second transfection and subjected to immunoblotting as described above.
Alkaline Phosphatase Treatment-Cell lysates of 293 cells transfected with FLAG-SPRED2, myc-Raf1, and HA-WT DYRK1A or HA-KD DYRK1A were harvested in lysis buffer without sodium orthovanadate and incubated with calf intestinal phosphatase from New England Biolabs (Beverly, MA) for 2 h at 37°C, using BSA as a control. Immunoprecipitation using agarose-conjugated anti-FLAG M2 beads was then performed on these lysates, as described earlier.
Statistical Analysis-Two-tailed, unpaired Student's t tests were carried out to determine whether the results differed significantly between samples within an experiment. Differences were considered significant at a significance level of p Ͻ 0.05, and the data are presented as the mean Ϯ S.E. of n number of independent experiments.
RESULTS

SPRED1 and -2 Interact with DYRK1A through Their CRD-
Previous reports have demonstrated that several kinases interact with Spry and SPRED proteins (21, 22, 48, 50, 51) . We used yeast two-hybrid screens to identify proteins that bind to Spry2, SPRED1, and SPRED2 (supplemental Fig. 1 ), and we obtained preliminary evidence that DYRK1A binds to all three proteins. The binding of Spry2 to DYRK1A was also recently described by Aranda et al. (23) . We decided to characterize the binding parameters of SPRED proteins and their consequences on cell function and to use Spry2 binding for comparison, where appropriate.
A schematic diagram of the domains of the full-length proteins as well as the SPRED truncation constructs used in subsequent experiments is shown in Fig. 1A . To verify the yeast twohybrid interactions, HEK293 cells were co-transfected with plasmids encoding full-length HA-tagged DYRK1A and FLAGtagged SPRED1, SPRED2, or Spry2 (as control). Co-immunoprecipitation assays confirmed that DYRK1A interacts with SPRED1 and -2 ( To map the region of SPREDs that interact with DYRK1A, a series of FLAG-tagged truncation constructs of SPRED1 and -2 ( Fig. 1A) were prepared and used in co-immunoprecipitation assays with DYRK1A. We observed that both SPRED1 and -2 specifically interacted with DYRK1A through their CRD, independent of FGFR1 activation (Fig. 1, C and D) .
Kinase Domain of DYRK1A Is Central to Its Interactions with SPRED1 and -2-A previous report identified that Spry2 interacts with the histidine repeat sequence in DYRK1A (23) . To ascertain which domains on DYRK1A were required for its interaction with SPRED proteins, we first confirmed the binding site for Spry2 on DYRK1A. Three C-terminal truncated constructs of DYRK1A (1-649, 1-610, and 1-589) were prepared, and their interactions with full-length FLAG-tagged Spry2 were assessed ( Fig. 2A) . Consistent with previous findings, Spry2 interacted with the truncated mutants of DYRK1A that retain the histidine repeat sequence (1-649 and 1-610) as well as full-length DYRK1A but not with the mutant lacking the histidine repeat sequence (1-589) (supplemental Fig. 2) .
Using the same three constructs and an additional construct that retains the Ser/Thr domain in the C-terminal region of DYRK1A(1-663) ( Fig. 2A) , we then employed co-immunoprecipitation experiments to determine the region on DYRK1A where SPRED1 and -2 bind. Surprisingly, SPRED1 and -2 interacted with all four of the truncated proteins, including DYRK1A(1-589), which does not interact with Spry2, suggesting that the histidine repeat sequence of DYRK1A is not necessary for its interaction with SPRED1 or -2 (Fig. 2, B and C) . To further delineate the SPRED-binding site on DYRK1A, two more C-terminal truncated mutants were prepared, as shown in Fig. 2A (1-522 and 1-470). Again, SPRED1 and -2 still bound to these protein fragments (supplemental Fig. 3, A and B) . This indicated that the binding site for the SPRED proteins was likely to be within the N terminus of DYRK1A. We then created three N-terminal truncated constructs containing varying proportions of the kinase domain (150 -754, 323-754, and 471-754) and one containing only the kinase domain of DYRK1A(150 -470) ( Fig. 2A) to test their association with SPRED1 and -2. Based on the co-immunoprecipitation assays, both SPRED1 and -2 showed comparatively strong binding to the kinase domain of DYRK1A(150 -470) (Fig. 2, D and E, lane 9) , as well as to the other two truncated proteins containing at least a partial kinase domain (150 -754 and 323-754) (Fig. 2, D and E, lanes 10 and 11). However, SPREDs do not bind to the DYRK1A truncated mutant lacking the kinase domain (471-754) (Fig. 2,  D and E, lane 12) . On the other hand, Spry2 interacted with all the truncated DYRK1A proteins, apart from the one containing only the kinase domain (supplemental Fig. 4, lane 9) . These findings indicate that the SPRED proteins have a different DYRK1A binding location compared with Spry2.
SPRED1 and -2 Interact Endogenously and Directly with DYRK1A-For the interaction between DYRK1A and SPRED1 or -2 to be physiologically relevant, binding at endogenous levels should occur. The human prostate cancer cell line PC3 expresses relatively high levels of DYRK1A (53) , and it was therefore selected for endogenous interaction assays. Endogenous SPRED1 and -2 were immunoprecipitated from PC3 cell lysates and assayed for the presence of DYRK1A. DYRK1A coimmunoprecipitated with both SPRED1 and -2 (Fig. 3A , closed triangle, DYRK1A; open triangle, SPRED1; block arrow, SPRED2), indicating the formation of an endogenous complex. To further verify this, the reciprocal immunoprecipitation of endogenous DYRK1A was performed, and the immunoprecipitates were assayed for the presence of SPRED1 and -2. As expected, both endogenous SPRED1 and -2 showed binding to endogenous DYRK1A (Fig. 3B) . We then sought to determine whether the interaction between DYRK1A and the SPRED proteins was direct. To investigate this, we performed a rabbit reticulocyte in vitro transcription and translation (TNT) assay. FLAG-tagged SPRED proteins were immunoprecipitated from the reaction product using FLAG antibody. HA-tagged DYRK1A was found to co-immunoprecipitate with both FLAG-tagged SPRED1 (Fig. 3C ) and FLAG-SPRED2 (Fig.  3D) . However, neither HA vector nor FLAG vector co-immunoprecipitated with FLAG-SPRED1/2 or HA-DYRK1A, respectively. These results indicate that DYRK1A interacts directly with SPRED proteins.
SPRED1 and -2 Inhibit DYRK1A-mediated Cell Proliferation by Promoting Acetylation of p53-We next wanted to ascertain whether SPRED proteins were able to modulate the reported function of DYRK1A in cell proliferation through their interaction. As a tumor suppressor, p53 limits cell proliferation by inducing cell cycle arrest and apoptosis in response to DNA damage (54, 55) . The acetylation of p53 at the C-terminal Lys-382 enhances its transcription associated with cell cycle arrest and apoptosis (55, 56) . However, the deacetylation of p53, which represses p53 activity, often leads to inappropriate cell growth, increased cell survival, and genetic instability (57, 58) . It has been reported that DYRK1A can induce cell proliferation by promoting the deacetylation of p53 (59) . To address whether SPRED1 and -2 would in turn affect this function of DYRK1A, we transfected 293 cells with the indicated expression constructs and then treated the cells with etoposide, a DNA-damaging reagent that induces p53 acetylation Binding of in vitro translated HA-tagged DYRK1A to FLAG-tagged SPRED1 (C) and SPRED2 (D) proteins in the transcription and translation (TNT) assay. TNT reaction products and anti-FLAG immunoprecipitates were subjected to SDS-PAGE and immunoblotted with anti-HA and anti-FLAG.
(59). Consistent with the previous report (59), DYRK1A promoted cell proliferation following etoposide treatment (Fig. 4A,  bar 4 ) by inhibiting the acetylation of p53 (Fig. 4B, lane 4) . However, when SPRED1 or -2 was co-expressed with DYRK1A, both proteins suppressed the DYRK1A-induced proliferation of 293 cells (Fig. 4A, bars 5 and 6 ) and reversed the acetylation levels of p53 (Fig. 4B, lanes 5 and 6) .
The low molecular weight alkaloid harmine has a history as a psychoactive drug, and it was recently discovered in an extensive kinase assay system to be a highly specific inhibitor for DYRK family members, especially DYRK1A (60, 61), but the mode of action of harmine on DYRK1A is currently unknown. Here, we employed harmine as a known inhibitor of DYRK1A activity, to determine the degree to which the SPRED proteins were inducing p53 acetylation. As expected, 100 nmol/liter harmine inhibited DYRK1A-induced proliferation (Fig. 4A, bar 7) and antagonized DYRK1A-induced deacetylation of p53 (Fig. 4B, lane 7) , verifying that DYRK1A is at least partly responsible for inhibiting p53 acetylation and the subsequent cell cycle arrest.
SPRED1, -2, and Spry2 Disrupt the DYRK1A-directed Substrate Phosphorylation-To further investigate the effect of SPRED proteins on the modification of DYRK1A function, we sought to examine whether SPRED proteins could disrupt the phosphorylation of two previously reported substrates of DYRK1A, Tau and STAT3.
Others have reported that DYRK1A phosphorylates Tau in cells on Thr-212 (42, 43) . We first sought to confirm this observation by transfecting HEK293 cells with Myc-tagged Tau and either the wild type DYRK1A (WT-DYRK1A) or a DYRK1A mutant harboring a K179R mutation of the ATP-binding site, which renders the protein kinase dead (KD-DYRK1A). It was observed that Tau was significantly phosphorylated by WT-DYRK1A compared with the vector control and KD-DYRK1A (Fig. 5A) . To further confirm this, DYRK1A was coexpressed in increasing levels in 293 cells with a constant level of Tau. We observed that Tau phosphorylation was increased in parallel with the increasing amounts of DYRK1A ( Fig. 5B and  supplemental Fig. 5A ), suggesting that DYRK1A phosphorylates Tau in a dose-dependent manner. Next, DYRK1A and Tau-transfected cells were treated with increasing concentrations of harmine for 30 min (Fig. 5C and supplemental Fig. 5B ). Similar to the effects seen with the KD-DYRK1A, Tau phosphorylation was inhibited by harmine in a dose-dependent manner and was almost completely suppressed by 0.5 M harmine (Fig.  5C, lane 4) , indicating that harmine is able to inhibit the kinasedirected phosphorylation of Tau on Thr-212. We then assessed the effect of SPRED1, -2, and Spry2 on Tau phosphorylation by DYRK1A (Fig. 5, D and E, and supplemental Fig. 5, C and D) . Interestingly, Tau phosphorylation was significantly reduced in the presence of both Spry2 and WT-DYRK1A (Fig. 5D, lane 5) , as compared with WT-DYRK1A alone (Fig. 5D, lane 2) . Similarly, SPRED1 and -2 also strongly inhibited Tau phosphorylation (Fig. 5E, lanes 6 and 8, respectively, and supplemental Fig.  5D ).
To further verify the modifying effect of SPRED, another substrate of DYRK1A, STAT3, was employed in a parallel set of experiments. Similar to the results obtained using Tau, STAT3 was significantly phosphorylated by WT-DYRK1A (Fig. 5F, lane 2) relative to the vector control and KD-DYRK1A (Fig. 5F, lanes 1  and 3, respectively) . Furthermore, the WT-DYRK1A-induced phosphorylation of STAT3 was decreased in the presence of SPRED1 and -2 (Fig. 5F, lanes 6 and 8, and supplemental Fig. 5E ).
There are two possible explanations regarding the decreased phosphorylation of DYRK1A substrates in the presence of SPRED proteins: 1) binding inhibits the catalytic activity of the kinase domain or 2) binding precedes phosphorylation and SPREDs compete for this binding. We next examined the first of these two possibilities. 
SPRED Proteins Do Not
Inhibit the Kinase Activity of DYRK1A-While investigating a related project, we noticed that upon FGFR1 activation there was a distinct mobility shift in Raf1 levels on SDS-polyacrylamide gels separating lysates of SPRED2 immunoprecipitations. Interestingly, this mobility shift of Raf1 only occurred in SPRED2 precipitates (Fig. 6A , top right and top left panels, lane 6), but not in SPRED1 precipitates (Fig. 6A, top right and top left panels, lane 4) , and additionally it required the presence of DYRK1A (Fig. 6A, top right and top left  panels, lane 6) . There is considerable precedence to show that certain residues on particular proteins become atypically retarded when separated on SDS-polyacrylamide gels due to phosphorylation events, Spry2 being a case in point (62, 63) . If, in this case, Raf1 is indeed retarded in the gel due to phosphorylation, this experiment would indicate that SPRED2, the strongest binder in our experiments to DYRK1A, does not inhibit the kinase activity of DYRK1A. This is also assuming that Raf1 is a substrate of DYRK1A.
Lysates from cells transfected with Raf1 and DYRK1A in combination with SPRED2 were treated with alkaline phosphatase and subjected to immunoblot analysis, using untreated samples as a control. Following alkaline phosphatase treatment, the mobility shift of Raf1 is no longer apparent (Fig. 6B, top left and top right  panels, lane 4) , indicating that the mobility shift is due to a phosphorylation event. In making this observation, there is a possibility that SPRED2, DYRK1A, or Raf1 may associate with another kinase that causes this mobility shift of Raf1. To demonstrate that the Raf1 band shifting results from an active DYRK1A, we incorporated KD-DYRK1A into the experiment as described above (Fig.  6B, top left and top right panels, lane 5) . The result clearly demonstrates that there is no mobility shift of Raf1 with KD-DYRK1A. This demonstrates the gel retardation of Raf1 in the presence of DYRK1A and SPRED2 is a phosphorylation event specific to DYRK1A activation but requiring the presence of SPRED2. We currently do not know the specific site of phosphorylation on Raf1, but this is the subject of further investigation. Pending the identification of the phosphorylation site on Raf1, there is strong evidence that the association with SPRED2, at least, does not inhibit the kinase activity of DYRK1A.
SPRED1 and -2 Compete with Tau for Binding to DYRK1A-The second possible explanation for the inhibition of DYRK1A substrate phosphorylation is that SPRED1 and -2 compete for obligatory binding of substrates preceding phosphorylation. We first set up an experiment to demonstrate that the binding of Tau to DYRK1A was "dose-responsive" (Fig. 7A) . With a constant level of DYRK1A and an increasing amount of Tau, we observed that the amount of Tau precipitating with DYRK1A paralleled the levels of Tau that were transfected. Furthermore, the degree of Tau phosphorylation mirrored the binding (Fig.  7A, 3rd panel) , suggesting that phosphorylation is dependent 5, A-D, respectively) . F, cell lysates from 293 cells co-transfected with WT-, KD-DYRK1A, SPRED1, SPRED2, and STAT3 were subjected to SDS-PAGE and immunoblotted with the indicated antibodies. The relative levels of phospho-STAT3 are indicated in the bar chart (supplemental Fig. 5E ).
on prior binding. The reciprocal experiment using increasing amounts of DYRK1A and a constant level of Tau showed the same trend (Fig. 7B) . Based on these results, we concluded that any protein that competes for binding to DYRK1A, whether it is a substrate or not, will down-regulate the phosphorylation of bona fide DYRK1A substrates. To demonstrate the possible competition by SPRED2 with Tau, an experiment was set up where constant amounts of DYRK1A and Tau were transfected into cells with increasing amounts of SPRED2 (Fig. 7C ). Proteins were precipitated using anti-HA (DYRK1A), and the resultant blots were probed with antibodies as shown in Fig. 7C . Two features from the data are noteworthy: 1) as the amount of SPRED2 bound to DYRK1A increases (Fig. 7C, 2nd  panel) , the amount of Tau binding diminishes (Fig. 7C, 1st panel) , and 2) the degree of Tau phosphorylation again mirrors the amount of Tau bound to DYRK1A (Fig. 7C, 4th  panel) . The same experiment was repeated with SPRED1 in place of SPRED2, and a similar outcome occurred (Fig. 7D) . From the data we conclude that SPRED proteins bind to a similar domain on DYRK1A as Tau, and possibly other substrates, and the hierarchy of binding will depend on the concentration of the competing proteins and the relative affinity for the DYRK1A-binding site. Substrates that are successfully competed off do not get phosphorylated, resulting in a disruption of downstream signaling. Such competition could be physiologically relevant.
Knockdown of SPRED1 and -2 Increases the DYRK1A-dependent Phosphorylation of Tau and STAT3-
To demonstrate a likely physiological plausibility, we set up experiments to knock down either SPRED1 or SPRED2 in 293 cells and to assess the effect on Tau phosphorylation. A pool of siRNA, as described under "Experimental Procedures," was employed in each case. Endogenous SPRED2 was decreased to less than 10% of origi-FIGURE 6. SPRED proteins do not inhibit the kinase activity of DYRK1A. A, HEK293 cells were transfected with the indicated plasmids (FLAG-SPRED1/2, HA-DYRK1A, and myc-Raf1) or a control pXJ40 vector. 24 h post-transfection cell lysates were subjected to immunoprecipitation (IP) using anti-FLAG. The immunoprecipitates were separated on SDS-PAGE and immunoblotted with the antibodies indicated on the left. Whole cell lysates (WCL) were immunoblotted (IB) to verify equal protein expression levels in all the samples tested. B, HEK293 cells were transfected with the indicated plasmids (FLAG-SPRED2, HA-WT-DYRK1A or HA-KD-DYRK1A, and myc-Raf1). Lysates obtained using the above setup were treated with alkaline phosphatase or BSA as a control and resolved by SDS-PAGE as mentioned in A.
nal levels (Fig. 8A, 5th panel, lanes 4 and 5) with a concomitant 100% increase of Tau phosphorylation (Fig. 8A, top panel, lane  5) . Similarly, there was a 1.5-fold increase in Tau phosphorylation when SPRED1 was knocked down (supplemental Fig. 6A,  top panel, lane 5) . In each case, when SPRED was again overexpressed, Tau phosphorylation levels were substantially diminished (Fig. 8A, top panel, lanes 3 and 6, and supplemental Fig.  6A, lanes 3 and 6) . Parallel experiments with STAT3 in place of Tau ( Fig. 8B and supplemental Fig. 6B ) yielded similar results. These data collectively demonstrate that knocking down endogenous SPRED proteins significantly impacts on the degree of DYRK1A-directed phosphorylation of both Tau and STAT3 even when these known substrates were present in a greater concentration.
DISCUSSION
In our long term quest to determine a function for the SPRED (and Sprouty) proteins, we have characterized the interaction between the novel kinase DYRK1A and SPRED1 or SPRED2.
During the course of our studies, the interaction between Sprouty2 and DYRK1A was described, and where appropriate, we have used this as a comparative control (23) .
The SPRED proteins interact directly with DYRK1A at the kinase domain via their conserved CRD. The SPRED-DYRK1A interaction prevents DYRK1A from phosphorylating its substrate proteins, as demonstrated with Tau and STAT3. Presumably, the associated physiological effects that are governed by the activation of these substrates would likewise be affected. We demonstrated that the inhibition of Tau phosphorylation was due to competitive binding between SPRED proteins and Tau or STAT3 for DYRK1A, rather than inhibition of the kinase activity, per se. There is a paucity of data on the binding of substrates to the DYRK family proteins, when compared with other kinases. Certain kinases, such as ERK1/2, have a specialist-binding domain, where all interacting upstream and downstream kinases and phosphatases must first dock before interacting with the catalytic site (64) . DYRK kinases are evolutionarily related to ERKs, so they may have evolved a sim-FIGURE 7. SPRED1 and -2 compete with Tau for binding to DYRK1A. A, HEK293 cells were transfected with constant amount of the HA-DYRK1A plasmids and an increasing amount of myc-Tau. Lysates were immunoprecipitated (IP) using anti-HA and subjected to SDS-PAGE immunoblot (IB) analysis as indicated in Fig. 1 . B, HEK293 cells were transfected with constant amounts of myc-Tau and an increasing amount of HA-DYRK1A. Lysates were immunoprecipitated using anti-HA, separated on SDS-PAGE, and immunoblotted using the antibodies indicated on the left. C, HEK293 cells were transfected with constant amounts of HA-DYRK1A and myc-Tau together with an increasing amount of FLAG-SPRED2 plasmids. Lysates were immunoprecipitated using anti-HA and subjected to SDS-PAGE and immunoblotted analysis as indicated. D, HEK293 cells were treated as described in C using FLAG-SPRED1 instead of FLAG-SPRED2. Cell lysates were likewise treated and analyzed as in C. ilar binding strategy (24, 65) . It is also likely that there may be specialized inhibitory proteins that bind to ERK or DYRK but are not necessarily substrates. Currently, our mass spectrometry analysis results show that SPRED2 is a likely substrate of DYRK1A (supplemental Fig. 7) . Work is ongoing in this respect but such information does not significantly impact on the evidence presented above, which centers on the binding parameters between these two proteins.
It is notable that the majority of proteins that interact with SPREDs, and indeed Sprys, do so via the CRD. In particular, several kinases that have been demonstrated to interact with SPREDs and Sprys to date do so at least in part through the CRD (48, 51) . Raf1 strongly interacts with SPRED proteins and less so with Spry proteins via their respective CRDs (22) . 3 Both SPRED and Spry families interact with Tesk1, again via their CRDs, resulting in the inhibition of the kinase (21, 48) . Furthermore, Spry2 interacts with and inhibits PKC␦ via a complex mechanism and multipoint binding that involves the CRD of that protein (66) . It is notable that each interaction results in modifying the downstream effectors of these kinases. Although there is no universal mechanism, there is apparently a degree of specificity and, thus far, a parallel outcome.
The physiological functions of DYRK analogs, and in particular DYRK1A, have not been fully characterized. Several years ago, there was a lack of data on this novel kinase and its apparent mainly nuclear localization (38, 67) . It is believed to translocate out of the nucleus because a number of its substrates have a cytosolic localization. Both SPRED proteins and DYRK1A are strongly expressed in the brain and notably in similar regions (11, 14, 67) , adding credibility to the hypothesis that SPRED proteins are modifiers of DYRK1A function. Within individual cells, DYRK1A is mainly located in the nucleus, whereas SPRED proteins are located in the cytosol or on the plasma membrane (38, 67) . A number of the substrates for DRYK1A are located in the cytosol, and this is where SPRED proteins likely exert their effect on the kinase.
The essence of a kinase is in the substrates it phosphorylates. Phosphorylated proteins will often initiate or propagate a signal by activating enzymes or initiating the formation of a binding complex that controls specific cellular events. Kinases are subject to various controls, and here we describe a possible control mechanism for DYRK1A by SPRED family proteins.
